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Connects Developmental HighwaysHow does cohesin regulate gene expression and development independently
of its roles in sister chromatid cohesion and chromosome segregation? Recent
studies show that cohesin, through multiple mechanisms, directly controls
transcription of genes that regulate morphogenesis, differentiation, cell
proliferation and pluripotency.Dale Dorsett
The cohesin complex and the Nipped-
B/NIPBL protein that loads it onto
chromosomes (Figure 1) were
discovered nearly 15 years ago by
virtue of their roles in sister chromatid
cohesion, chromosome segregation,
meiosis and DNA repair [1]. It was soon
reported that they also regulate gene
expression and development [2],
and shortly thereafter that dominant
mutations affecting human NIPBL or
cohesin subunits cause Cornelia de
Lange syndrome (CdLS), associated
with diverse structural and intellectual
birth defects [3]. Gene expression and
developmental effects occur without
overt defects in chromosome
segregation, indicating that they
are independent of cohesin’s role in
chromatid cohesion. The mechanisms
by which cohesin controls gene
expression and development remain
poorly understood, but recent papers
report significant advances, showing
that cohesin binds and regulates
transcription of genes encoding key
developmental regulators through
multiple mechanisms (Figure 1).
Genome-wide mapping of cohesin
binding in Drosophila cells [4],
Drosophila salivary glands [5], human
lymphocytes [6], andmouse embryonic
stem cells [7] reveals that cohesin and
Nipped-B/NIPBL bind preferentially to
20–50% of active genes, with peaks
near the transcription start sites. Genes
that bind cohesin are much more likelyto be altered in expression when
cohesin or Nipped-B/NIPBL activity
is reduced than non-binding genes,
providing prima facie evidence
that cohesin directly regulates
transcription [5–8].
Although genome-wide binding and
expression data show that cohesin
directly regulates transcription, the
argument is uncertain for individual
genes. In some cases expression was
measured a few days after RNA
interference (RNAi) knockdown of
cohesin [7,8] and thus indirect effects
are possible; for example, reducing
cohesin might also alter expression of
transcription factors that regulate the
gene. The human lymphocyte studies
used cells from CdLS individuals
whose development occurred in the
presence of NIPBL mutations [6], and
some expression changesmight reflect
altered development.
In this issue of Current Biology, Pauli
et al. [5] provide evidence for direct
regulation of specific genes in
Drosophila salivary glands. They
replaced the native Rad21 cohesin
subunit with a modified form that can
be cleaved by tobacco etch mosaic
virus (TEV) protease to release
cohesin from chromosomes.
Using a temperature-sensitive
system to induce TEV protease,
they saw changes in expression of
cohesin-binding genes in the ecdysone
steroid hormone pathway within four
hours. With such rapid responses,
chances of indirect effects are small.For the Eip74EF gene, they confirmed
that the activator, ecdysone receptor
(EcR), remained bound while
expression declined ten-fold.
Direct regulation of the ecdysone
pathway by cohesin is important from
a developmental standpoint: ecdysone
is a key regulator of Drosophila
morphogenesis. Reducing cohesin
also blocks axon pruning by
a non-dividing neuron through EcR
downregulation, showing that reduced
EcR expression does not reflect
a defect in chromosome segregation
[9,10]. In human cells, cohesin
co-localizes with the estrogen steroid
hormone receptor genome-wide, and
cohesin knockdown alters the cellular
response to hormone, indicating that
cohesin’s control of steroid signaling
is conserved [11].
Recent studies also agree that
genes regulated by cohesin are
enriched for those that control
development. In Drosophila cells
derived from the central nervous
system, the main ontology category
for genes that increase in expression
with cohesin knockdown is
development [8]. The same holds
true for genes whose expression
increases with cohesin knockdown
in mouse embryonic stem cells [7],
and many dysregulated genes in
human CdLS lymphocytes [6], or
Nipbl heterozygous mutant mice [12].
Another consistent finding is that
cohesin binds and regulates the myc
gene, a key regulator of protein
synthesis and proliferation [6–9,13].
Cohesin or Nipped-B/NIPBL reduction
decreases myc expression in all
species examined from flies to human.
In Drosophila, many genes that are
directly activated by Myc but don’t
bind cohesin are also downregulated,
which may explain why the main
ontology for genes that decrease in
expression with cohesin knockdown
is protein translation [8].
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Figure 1. A central role for cohesin and its Nipped-B/NIPBL loading factor in balancing
development, proliferation and pluripotency through gene regulation.
The cohesin complex consists of the Smc3, Smc1, Rad21 and SA/Stag2 subunits that form
a ring structure thought to encircle DNA [1]. The Nipped-B/NIPBL–Mau-2 complex loads
cohesin onto chromosomes. In addition to their roles in sister chromatid cohesion and DNA
repair, recent papers show that cohesin and Nipped-B/NIPBL bind many active genes with
peaks near their transcription start sites, and directly regulate expression of genes that control
development, proliferation and pluripotency. These include genes in steroid hormone path-
ways in Drosophila (ecdysone) and human cells (estrogen) [5,11], genes that promote prolifer-
ation (myc) in several species, and pluripotency genes in mouse embryonic stem cells
(mESCs) [6–8,12]. For Nanog and Oct4, and other genes in mESCs, cohesin and Nipbl facilitate
long-range enhancer–promoter looping interactions [7], similar to their role in long-range loop-
ing between CTCF-binding sites [19]. Development is the top ontology category for genes
downregulated by cohesin and Nipped-B/NIPBL in both Drosophila cells and mESCs [7,8].
In mESCs, many of the genes that show the largest increases in expression with cohesin
knockdown bind cohesin and are bivalent, with histone H3 methylation marks associated
with both transcription (H3K4me3) and silencing (H3K27me3) by Polycomb group proteins
[7,15]. Bivalent genes are common in embryonic stem cells, and are thought to represent an
uncommitted state [14]. In Drosophila cells, the rare bivalent genes such as engrailed all
encode developmental transcription factors, and increase dramatically in expression with
cohesin or Nipped-B knockdown [8].
Dispatch
R887Given the role of myc in proliferation
and developmental multipotency,
it is intriguing that Kagey et al. [7]
discovered that cohesin is required
for mouse stem cell maintenance in
an RNAi screen. They showed that
other pluripotency genes, Oct4 and
Nanog, also bind cohesin and are
downregulated by cohesin or Nipbl
RNAi. Their experiments revealed
that the Mediator transcriptional
coactivator is also required for
pluripotency, and that half the
Mediator-binding genes also bind
cohesin and Nipbl.
Cohesin may promote multipotency
not only by facilitating expression of
proliferation and pluripotency genes,
but also by repressing differentiation
genes. This idea arises from effects
of cohesin on bivalent genes, which
have histone H3 methylation marks
associated with both transcription
(H3K4me3) and Polycomb group (PcG)
silencing (H3K27me3) [14]. Many
developmental control genes in
embryonic stem cells are bivalent and
expressed at low levels, potentially
representing an uncommitted state.
In the Drosophila cells examined, all
bivalent genes, such as engrailed,
which directs anterior–posterior
patterning, bind cohesin and are
expressed at low tomoderate levels [8].
They are all rare exceptions to the
rule that cohesin doesn’t bind
to PcG-targeted regions, and their
expression increases dramatically
upon cohesin knockdown, indicating
that cohesin restrains their
transcription. This may also be true in
mouse embryonic stem cells, as 60%of
the 200 genes that increase the most in
expressionwith cohesin knockdown [7]
are bivalent [15], compared to 23% of
the 200 genes that decrease the most,
a significant difference (p = 2E-13).
It remains to be seen, however, if this
is direct, or a consequence of reduced
multipotency.
Drosophila Nipped-B was first
identified in a genetic screen for factors
needed for activation of the cut and
Ultrabithorax homeobox genes by
enhancers located many kilobases
from their promoters, and it was
proposed that cohesin facilitates
long-range enhancer–promoter
interactions [16]. Kagey et al. [7]
provide support for this idea in mouse
embryonic stem cells using
chromosome conformation capture
(3C). They find overlapping cohesin,
Nipbl and Mediator peaks at enhancersfor many genes, such as theNanog and
Oct4 pluripotency genes, in addition to
the peaks at their transcription start
sites. 3C shows that these enhancers
interact with the promoters, and that
cohesin or Mediator knockdown
reduces the interactions.
Kagey et al. [7] also found many
cohesin peaks at CTCF protein binding
sites, confirming previous reports
[17,18]. CTCF has multiple functions,
including insulator activity and
supporting long-range looping.
Multiple labs find looping between
cohesin/CTCF sites, and that cohesin
knockdown reduces looping [19].
This led to models in which cohesin
mediates intrachromosomal cohesion
to stabilize long-range interactions.Intriguingly, Kagey et al. find that in
contrast to cohesin peaks at enhancers
and promoters, CTCF sites do not bind
Nipbl, which is required to load cohesin
onto chromosomes. CTCF knockdown
does not reduce overall cohesin
binding or chromatid cohesion [16,17].
In Drosophila, cohesin does not
colocalize with CTCF, and Nipped-B is
found at all cohesin peaks [4]. Thus, we
are left with the possibility that cohesin
at mammalian CTCF sites may have
a different mode of binding that is
not evolutionarily conserved.
Taking a broad view, the recent
papers create a picture of cohesin
as a central regulator that balances
differentiation, proliferation and
pluripotency through direct regulation
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R888of key genes (Figure 1). Sorting out the
detailed molecular and developmental
mechanisms presents many
challenges.
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Molecules of Mitochondrial
Calcium TransportCellular energy metabolism, survival and death are controlled by mitochondrial
calcium signals originating in the cytoplasm. Now, RNAi studies link three
proteins — MICU1, NCLX and LETM1 — to the previously unknown molecular
mechanism of mitochondrial calcium transport.Gyo¨rgy Hajno´czky*
and Gyo¨rgy Csorda´s
Twenty years ago, mitochondria were
viewed as cellular power plants,
regulated solely by substrates.
Nowadays, mitochondria are also
considered as nodes of signalling
pathways that engage a variety of
effector mechanisms to control the
cell’s life. A key factor in this advance
was the discovery of the participation
of mitochondria in calcium signalling.
Early studies with isolated
mitochondria showed the requirement
for supraphysiological [Ca2+]
elevations to stimulate Ca2+ uptake.
Thus, it was a major surprise when thestudies of Rizzuto and Pozzan and
colleagues [1] revealed propagation of
hormone-induced cytoplasmic [Ca2+]
([Ca2+]c) calcium signals to the
mitochondrial matrix in cells [1]. They
proposed that mitochondria sensed
the high local [Ca2+]c in the vicinity of
the open inositol 1,4,5-trisphosphate
receptors (IP3Rs) and ryanodine
receptors (RyRs) rather than the
substantially lower global [Ca2+]c.
Very recently, this idea has been
directly validated by targeting Ca2
+-sensitive fluorescent proteins
to the mitochondrial surface. These
measurements provided evidence
that mitochondria see a 10-fold higher
[Ca2+]c than the global [Ca
2+]c signal[2,3]. Another line of studies revealed
that positioning of mitochondria close
to the endoplasmic/sarcoplasmic
reticulum (ER/SR) is supported by
interorganellar tethers (Figure 1) [4].
One proposed tether between the
ER and the outer mitochondrial
membrane includes the IP3R and the
voltage-dependent anion-selective
channel (VDAC), which would provide
a shortcut for the released Ca2+
to access and cross the outer
mitochondrial membrane [5].
Strategic positioning of mitochondria
is also facilitated dynamically by
Ca2+-induced inhibition of
mitochondrial movements close to the
open IP3Rs/RyRs [6]. These results
illustrate that cells have developed a
collection of sophisticated means
to ensure that mitochondria recognize
Ca2+ mobilization from the ER/SR.
It has been known for almost 50 years
that Ca2+ uptake across the inner
mitochondrial membrane is mediated
by the mitochondrial Ca2+ uniporter
(MCU). A patch clamp study of
mitoplasts — i.e. mitochondria
lacking the outer mitochondrial
membrane — has provided evidence
